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Autophagy is a bulk degradation pathway that
removes cytosolic materials to maintain cellular ho-
meostasis. The autophagy-related gene 13 (Atg13)
and microtubule associate protein 1 light chain 3
(LC3) proteins are required for autophagosome for-
mation. We demonstrate that each of the human
LC3 isoforms (LC3A, LC3B, and LC3C) interacts
with Atg13 via the LC3 interacting region (LIR) of
Atg13. Using X-ray crystallography, we solved the
macromolecular structures of LC3A and LC3C, along
with the complex structures of the LC3 isoforms with
the Atg13 LIR. Together, our structural and binding
analyses reveal that the side-chain of Lys49 of LC3
acts as a gatekeeper to regulate binding of the LIR.
We verified this observation by mutation of Lys49
in LC3A, which significantly reduces LC3A positive
puncta formation in cultured cells. Our results sug-
gest that specific affinity of the LC3 isoforms to
the Atg13 LIR is required for proper autophagosome
formation.
INTRODUCTION
Autophagy is an essential intracellular process that maintains
cellular homeostasis by degrading proteins, organelles, and
bacterial pathogens. Dysfunction of the autophagy pathway
causes a range of diseases in humans, including cancers, the
neurodegenerative diseases such as Alzheimer’s and Parkin-
son’s, myopathies, and heart and liver diseases (Mizushima
et al., 2008; Levine and Kroemer, 2008; Dikic et al., 2010). The
process is widely conserved, from yeast to higher eukaryotes.
Autophagy has been particularity well characterized in yeast.
Here, the process is initiated by the autophagy-relatedStructure 22gene 1 complex (the Atg1 complex), which consists of Atg1
(Kamada et al., 2000), Atg13 (Funakoshi et al., 1997), Atg17
(Kamada et al., 2000), Atg29 (Kawamata et al., 2005) and Atg31
(Kabeya et al., 2007). Atg1 complex formation is regulated by
target of rapamycin complex 1 (TORC1) and protein kinase A
(PKA). Under stress-free conditions, the Atg1 complex is phos-
phorylated and inactivated by TORC1 and PKA. However, upon
the induction of autophagyby intracellular signals (nutrient starva-
tion or endoplasmic reticulumstress) or extracellular signals (inva-
sion of pathogens), TORC1 and PKA are switched off, activating
autophagy by allowing the Atg1 serine/threonine kinase to phos-
phorylate the Atg1 complex. The Atg1 complex is then recruited
to double membrane structures, known as isolation membranes.
In human cells, Atg1 and Atg13 are conserved, although Atg1
is known as Unc-51-like kinase 1 (ULK1; Chan et al., 2007, 2009).
The human homologs of Atg17, Atg29, and Atg31 are not re-
ported; however, the focal adhesion kinase family interacting
protein of 200 kDa (FIP200) is thought to play the role of Atg17
(Hara et al., 2008), and Atg101 has been identified as a compo-
nent of the human Atg1 complex, called the ULK1 complex
(Hosokawa et al., 2009). It was recently reported that Atg8 inter-
acts with the Atg1 protein via the W/Y/FxxL/I/V motif (known as
the LC3-interaction region [LIR]) promoting Atg1 degradation in
the vacuole by recruiting the complex to the autophagosome
(Kraft et al., 2012).
Atg8 is one of the autophagy-related genes that are indis-
pensable for autophagosome formation, membrane tethering,
and hemifusion (Nakatogawa et al., 2007). In yeast, only one
Atg8 protein has been identified, whereas in human cells, seven
Atg8 homolog proteins are reported and these are categorized
into three subfamilies: microtubule associate protein 1 light
chain 3 (which we call LC3A, LC3B, and LC3C in this work),
g-amino-butyric acid receptor-associated protein (GABARAP,
GABARAPL-1, and GABARAPL-3), and golgi-associated adeno-
sine triphosphatase enhancer of 16 kDa (GATE-16, also known
as GABARAPL-2; He et al., 2003; Xin et al., 2001).
These Atg8 family proteins undergo multistep modifications:
first by the cysteine protease Atg4, then the E1-like (ubiquitin, 47–58, January 7, 2014 ª2014 Elsevier Ltd All rights reserved 47
Figure 1. The ULK1 Complex Interacts with
LC3 Family Proteins
(A) Myc-ULK1 complex (mixture of Myc-
Atg13, Myc-Atg101, Myc-ULK1, and Myc-FIP200)
coprecipitate with empty vector controls (lane 1),
OSF-LC3A (lane 2), OSF-LC3B (lane 3), or OSF-
LC3C (lane 4).
(B) ULK1 complexes coprecipitate with LC3C.
Myc-LC3C coprecipitations with empty vector
controls (lane 1), OSF-Atg13 (lane 2).
(C and D) Directed yeast two-hybrid interactions
between human Atg13 and LC3 family proteins.
The top array shows doubly transformed yeast
replica plated on minus Leu, minus Trp, minus His,
minus Ade selection media, where successful
growth represents a positive protein interaction.
The bottom array shows replica-plated yeast on
minus Leu, minus Trp media (a control for equiv-
alent transformation and yeast growth). The indi-
cated constructs were fused to activating domains
(ADs) or DNA binding domains (DBDs). Unfused
DBD and AD constructs are shown as negative
controls.
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Crystal Structure of Atg13 LIR/LC3 Complexactivating) enzyme Atg7, and finally the E2-like (ubiquitin conju-
gating) enzyme Atg3; as a result, they are conjugated to the auto-
phagosome membrane in the following manner. In the first step,
newly synthesized Atg8 family proteins are immediately cleaved
at its C terminus by Atg4, resulting in the exposure of theC-termi-
nal conserved glycine residue (Hemelaar et al., 2003; He et al.,
2003; Tanida et al., 2004; Li et al., 2011). Atg7 forms a thioester
intermediate with Atg8, followed by the conjugation of phospha-
tidylethanolamine by Atg3, which anchors the Atg8 family pro-
teins to the autophagosome membrane (Schlumpberger et al.,
1997; Tanida et al., 1999; Taherbhoy et al., 2011). In this process,
Atg8 family proteins play a role not only in the elongation of the
autophagosome membrane, but also in the recruitment of spe-
cific cytosolic materials to the autophagosome membrane,
such as unfoldedor aggregatedproteins,mitochondria, andbac-
terial pathogens, via adaptor proteins that have the LIR motif.
Hence, the process is called selective autophagy (Ichimura and
Komatsu, 2010; Johansen and Lamark, 2011).
Five Atg8 structures in complex with LIRs have been reported:
Atg8/Atg19 (Noda et al., 2008); LC3/Atg4B (Satoo et al., 2009);
LC3B/p62 (Noda et al., 2008; Ichimura et al., 2008); LC3C/
NDP52 (von Muhlinen et al., 2012); and GABARAP/neighbor of
BRCA1 gene 1 (NBR1; Rozenknop et al., 2011). Despite these
studies, the interaction mechanism remains unknown, although
it has been demonstrated that the side-chains of Trp/Phe/Tyr
and Leu/Ile/Val recognize two different hydrophobic surfaces
on Atg8 proteins, named the W- and L-sites by Noda et al.
(2010). Recently, Alemu et al. (2012) reported that Atg8 family
proteins directly interact with ULK1, Atg13, and FIP200, mem-
bers of the Atg1/ULK1 complex, through the LIR, and character-
ized ULK1 and Atg13 LIRmotifs binding to GABARAP. The ULK1
LIR motif is required for starvation-induced autophagosome
formation (Alemu et al., 2012).48 Structure 22, 47–58, January 7, 2014 ª2014 Elsevier Ltd All rights reservedIn this article, we describe the bind-
ing interaction between Atg13 and LC3.
Employing in vitro binding assays, wehave independently determined that Atg13 directly interacts
with LC3 via the LIR located at its C terminus. To probe the struc-
tural basis and mechanism of this interaction, we have used
X-ray crystallography to solve the structures of LC3A and
LC3C, along with the structures of LC3 isoforms in complex
with a peptide containing the residues 436–447 of Atg13, which
includes the LC3 interaction region W/Y/FxxL/I/V. Structural
comparison reveals that binding of the LIR to LC3 induces a
structural change of the side-chain of Lys49 of LC3, exposing
a hydrophobic surface to accept the LIR. This movement is
conserved in the LC3 family proteins. We verified the role of
Lys49 by mutagenesis, which significantly reduces autophago-
some formation. Together, our data demonstrate that Lys49
plays an important role in regulating the interaction with LIR-
containing proteins in autophagy.
RESULTS
Atg13 Binds to LC3 Isoforms
The four known ULK1 complex subunits (ULK1, FIP200, Atg101,
and Atg13), which included a One-STrEP-FLAG (OSF) tag, were
simultaneously coexpressed in human embryonic kidney 293T
cells (HEK293T) cells to create ‘‘baits’’ that could be used to
identify ULK1 complex binding proteins. The resulting mixture
of ULK1 complex proteins was affinity purified on a Strep-Tactin
resin, which captured Atg13 and its binding partners. Bound
proteins were separated by SDS-PAGE and identified by
mass spectrometry analysis, which, remarkably, identified two
different Atg8/LC3 family proteins as the ULK1 complex copreci-
pitates (LC3A and LC3C; data not shown). These interactions
were initially verified by demonstrating that Myc-tagged ULK1
complexes bound to immobilized OSF-LC3A, OSF-LC3B, and
OSF-LC3C, but not to control resins (Figure 1A). Reciprocal
Figure 2. Schematic Representation of
Atg13 and LC3 Isoforms
(A) The Atg13 deletion mutants and LIR peptides
for the interaction analysis.
(B) Sequence alignment and secondary structure
representation of LC3 isoforms. The multiple
sequence alignment was generated by ClustalX2
(Larkin et al., 2007) using a box shade represen-
tation by BOXSHADE 3.21 (http://embnet.vital-it.
ch/software/BOX_form.html). The bar shows the
region of LC3A constructs that is used in this study
(2–121) along with the secondary structures esti-
mated using the DSSP program (Kabsch and
Sander, 1983; boxes are a helices and arrows b
strands).
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Crystal Structure of Atg13 LIR/LC3 Complexinteractions were also confirmed by testing that Myc-tagged
LC3C bound specifically immobilized OSF-ULK1 complexes
(Figure 1B). The LC3 family proteins also exhibited positive
two-hybrid interactions with the Atg13 subunit, but not with the
FIP200, ULK1, or Atg101 subunits (Figures 1C and 1D; data
not shown). These results indicate that the Atg13 subunit of
this complex is responsible for the interaction with the LC3 family
proteins.
Mapping the LC3 Binding Region in Atg13
To determine the LC3 binding sites in Atg13, we performed
glutathione S-transferase (GST) pulldown assays using a range
of Atg13 truncated mutants and the three LC3 isoforms, LC3A,
LC3B, and LC3C (Figure 2). Expressed proteins corresponding
to the regions of 49–244, 145–345, and 245–450 of Atg13 were
inserted into the pCold Trigger Factor (TF) vector and expressed
in E. coli as 6xHis-TF fused proteins. TheGST-LC3 proteins were
bound to glutathione Sepharose 4B (GS4B) resin and mixed with
6xHis-TF-Atg13 constructs (Figure 3A). The 6xHis-Atg13245–450Structure 22, 47–58, January 7, 201was pulled down with GST-LC3A and
GST-LC3C, but not with GST-LC3B. For
further investigation, we divided the re-
gion from 245 to 450 of Atg13 as shown
in Figure 2A. These proteins were ex-
pressed in E. coli and immobilized on
GS4B resin. GST-LC3s were cleaved by
thrombin and separated using size exclu-
sion chromatography. Purified LC3swere
incubated with the resin immobilized with
the GST-Atg13 constructs (Figures 3B–
3D). All three LC3 isoforms bound to
Atg13346–450 and Atg13436–450. Although
initial binding experiments did not
show binding between 6xHis-TF-Atg13
and GST-LC3B, further pulldown experi-
ments using additional truncated LIR
constructs demonstrated that 15 amino
acids (436-SSGNTHDDFVMIDFK-450) is
sufficient to be recognized by the three
LC3 isoforms, whereas the mutants of
Atg13 lacking residues 436–450 (346–
380, 346–380, and 346–435) did not
bind to LC3s. The LC3 binding region ofAtg13 identified here includes a motif similar to the LIR reported
previously, xxxW/YxxL/I/V, where x is an acidic residue (Noda
et al., 2008; Ichimura et al., 2008; Noda et al., 2010; Atg13,
441-HDDFVMI-447) and corresponds to the region reported by
Alemu et al. (2012). This investigation demonstrated that LC3
isoforms bind to Atg13 via the LIR motif.
Dissociation Constants for the LC3 Interaction with LIR
To characterize the interaction kinetics between the Atg13 LIR
variants and LC3s, we performed real-time interaction analysis
using a surface plasmon resonance (SPR) biosensor, three
GST-tagged constructs of the Atg13 LIR (436–447, 439–447
and 441–447), and the LC3A, LC3B, and LC3C isoforms. A range
of concentrations of each LC3 isoform were injected onto the
GST-Atg13 LIR peptides immobilized to a sensor chip via an
anti-GST antibody. All three LC3 proteins demonstrated concen-
tration-dependent increases in resonance signals (Figure S1
available online). The apparent dissociation constants (KD) for
the Atg13 LIR peptide/LC3s interaction were calculated using4 ª2014 Elsevier Ltd All rights reserved 49
Figure 3. Identification of Atg13 LIR by Pulldown Assay
GST pulldown assays were performed using GST-LC3 isoforms and 6xHis-TF-Atg13 (A) or GST-Atg13 and LC3 isoforms (B–D). GST-fusion proteins were
immobilized on Glutathione sepharose 4B and mixed with purified counterpart proteins. Pulldown products were subjected to SDS-PAGE and detected by
Coomassie brilliant blue (CBB) staining.
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Crystal Structure of Atg13 LIR/LC3 Complexthe Scatchard plot analysis (resonance unit versus resonance
unit/concentration [RU versus RU/concentration]). The KD values
for LC3A were 17.5 ± 0.2 mM (GST-Atg13436–447), 16.4 ± 0.3 mM
(GST-Atg13439–447), and 18.3 ± 0.6 mM (GST-Atg13441–447); those
for LC3Bwere 57 ± 4 mM, 50 ± 3 mM, and 52 ± 7 mM, respectively;
and those for LC3C were 12 ± 4 mM, 10 ± 3 mM, and 13 ± 6 mM
(n = 3), respectively. Clearly, the addition of the N-terminal resi-
dues to the Atg13 LIR did not affect the binding affinities. The
overall amino acid sequence identity between LC3A and LC3B
is 83%, whereas between LC3A and LC3C, or LC3B and
LC3C, it is only 55%. However, the binding affinity of LC3B to
the Atg13 LIR is appreciably lower than that of LC3A or LC3C
to Atg13 LIR. These data demonstrate that the region of Atg13
from 441 to 447 is sufficient to interact with LC3s and that
LC3B may have a different LIR binding mode, given the lower
affinity compared with LC3A and LC3C.
Structures of Uncomplexed Three LC3 Isoforms and the
Isoforms in Complex with the Atg13 LIR
To elucidate the structural basis of the interaction between Atg13
and LC3s, we used X-ray crystallographic analysis to solve the
structures of LC3A (2.00 A˚; Protein Data Bank [PDB] code
3WAL) and LC3C (1.75 A˚; PDB code 3WAM). In addition, we
solved the complex forms of all three isoforms using chimeric
proteins of Atg13436–447-LC3A (1.77 A˚; PDB code 3WAN),
Atg13436–447-LC3B (2.60 A˚; PDB code 3WAO), and Atg13436–447-50 Structure 22, 47–58, January 7, 2014 ª2014 Elsevier Ltd All rightsLC3C (3.10 A˚; PDBcode 3WAP), and recentlywe reported a high-
resolution structure of LC3B (1.60 A˚; PDB code 3VTU; Rogov
et al., 2013). Data collection and refinement statistics are summa-
rized in Table 1 and the overall structures are depicted in Figure 4.
Overall structures of the uncomplexed LC3 isoforms are closely
aligned (RMSD values: LC3A versus LC3B = 0.7 A˚, LC3A versus
LC3C = 1.2 A˚, LC3B versus LC3C = 1.3 A˚), with noticeable differ-
ences in the loops betweena3 and b4 and the region including b4,
b5, anda4 (Figure 4). Theasymmetric unit of theAtg13-LC3Acon-
tains twomolecules,whereas the crystal structureof Atg13-LC3C
contains only one and that of Atg13-LC3B contains four mole-
cules, in which molecules A and B bind to molecules D and C,
respectively (Figure S2). Interestingly, each of the chimeric mole-
cules are packed within the crystal such that the Atg13436–447
N-terminal region interacts, not with its fused LC3 domain,
but with an LC3 domain related by the crystallographic symmetry
(Atg13-LC3A, Atg13-LC3B, and Atg13-LC3C) and a noncrystal-
lographic symmetry (Atg13-LC3B).
A comparison of the uncomplexed LC3 isoform structures to
the Atg13-LC3 chimeric structures shows that the overall topol-
ogies are very similar. The electron density for the N terminus of
the Atg13 LIR was not visible for Atg13-LC3A and Atg13-LC3B
(residues Ser436 to His441) or for Atg13-LC3C (residues
Ser436 to Glu443; Figure S3). This implies that the N terminus
of the Atg13 LIR is not involved in the interaction, which is consis-
tent with our detailed interaction experiments presented abovereserved
Table 1. Data Collection and Refinement Statistics
LC3A LC3C Atg13436–447-LC3A Atg13436–447-LC3B Atg13436–447-LC3C
PDB code 3WAL 3WAM 3WAN 3WAO 3WAP
Region of LC3 2–121 8–125 2–121 2–119 8–125
Data Collection
Beamline PF BL-17A PF BL-5A PF BL-17A PF BL-17A PF BL-17A
Wavelength (A˚) 0.9800 1.0000 0.9800 0.9800 0.9800
Space group I41 P3121 P21 P41 P3121
a, b, c (A˚) 93.0, 93.0, 33.1 71.7, 71.7, 55.7 37.7, 47.9, 77.1 64.6, 64.6, 130.3 61.7, 61.7, 95.9
a, b, g () 90.0, 90.0, 90.0 90.0, 90.0, 120.0 90.0, 94.2, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 120.0
Resolution (A˚) 46.5–2.00 (2.11–2.00) 27.8–1.75 (1.84–1.75) 47.9–1.77 (1.87–1.77) 43.4–2.60 (2.74–2.60) 53.5–3.10 (3.27–3.10)
Number of measured
reflections
68,775 (10,192) 178,722 (25,835) 86,532 (11,807) 62,527 (8,938) 39,951 (6,084)
Number of unique
reflections
9,793 (1,422) 16,985 (2,430) 24,414 (3,447) 16,435 (2,372) 4,045 (588)
Completeness (%) 100.0 (100.0) 99.8 (100.0) 99.0 (96.7) 99.9 (99.5) 98.5 (100.0)
Rmerge (%) 7.4 (38.2) 9.3 (36.6) 5.9 (19.4) 6.8 (74.0) 6.9 (78.5)
I/sI 18.2 (5.1) 16.2 (6.3) 12.6 (4.9) 14.4 (2.4) 15.7 (2.8)
Refinement
Rwork/Rfree (%) 18.1/23.7 17.2/23.7 17.4/22.7 22.3/29.4 21.0/26.6
Mean B value (A˚2) 35.1 23.7 18.7 61.5 144.7
Rmsd bond length (A˚) 0.019 0.034 0.022 0.011 0.014
Rmsd bond angle () 1.943 2.446 2.145 1.801 2.445
Ramachandran plot
Favored/allowed/outlier (%) 100/0/0 98.2/1.8/0 98.8/1.2/0 98.2/1.8/0 99.2/0.8/0
Number of molecules in the
asymmetric unit
1 1 2 4 1
Highest resolution shell is shown in parentheses. rmsd, root-mean-square deviation.
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Crystal Structure of Atg13 LIR/LC3 Complexin which truncated peptides 436–447, 439–447, and 441–447
bind to LC3s equally well. The Atg13 LIR in all three chimeric pro-
teins were recognized by the same hydrophobic pockets of LC3,
consisting of side-chains of Ile23, Lys49, Lys51, Phe52, Leu53,
Ile66, and Phe108 via hydrophobic interactions to Phe444 of
the Atg13 LIR (the W-site) and by main-chain hydrogen bonding
between Lys51 and Leu53 of LC3 and Val445 and Ile446 of the
Atg13 LIR (the L-site; Tables S1 and S2). A comparison with
the binding interactions found in the previously reported crystal
structure of the LC3B/p62 complex (Ichimura et al., 2008; PDB
code 2ZJD) shows that the W/Y/FxxL/I/V motif, which in Atg13
is 444-FVMI-447 and in p62 is 340-WTHL-343, holds a similar
conformation with similar interactions.
Lys49 Undergoes a Large Structural Rearrangement
upon Atg13 LIR Binding
We then investigated side-chain structural arrangements by
comparing the LC3A and Atg13-LC3A structures with sufficiently
high resolutions, 2.00 A˚ and 1.77 A˚, respectively. In the Atg13-
LC3 isoform complex structures, the side-chains of Ile23,
Lys49, Lys51, Phe52, Leu53, Ile66, and Phe108, and additionally
in the Atg13-LC3A complex structure Glu19, His27, Lys30, and
Pro55 of LC3, are involved in the interaction with Atg13436–447
(Figure 5A). Upon Atg13436–447 binding, these residues, except
for Lys49, move slightly to reorganize (Figures 5A and 5B). In
contrast, the side-chain of Lys49 in LC3A undergoes a largeStructure 22rotamer rearrangement. According to Wild et al. (2011), the
Lys49 movement upon the optineurin LIR binding was also
observed by the nuclear magnetic resonance experiment. In
the uncomplexed structure, the gamma and epsilon carbon
atoms of Lys49 form hydrophobic interactions with the aromatic
ring of Phe52 (Figure 5C). However, in the complexed structure,
the side-chain of Lys49 shifts by as much as 6.7 A˚ at the zeta
nitrogen to open the hydrophobic interaction surface; as a
result, both Phe52 and Lys49 form hydrophobic interactions
with Val445 of Atg13 LIR.
Critical Residues for the Binding of Atg13 with LC3A
Todetermine the contribution of individual amino acid residues of
Atg13 to the interaction with LC3, we measured relative binding
abilities of point mutations in Atg13 compared with the wild-
type (WT) protein using an SPR biosensor. The GST-fused
Ala-substituted Atg13 LIR peptides were immobilized onto an
SPR sensor chip via anti-GST antibodies (Figure 6A), and LC3A
was injected onto the sensor chip. As shown in Figure 6B, the
binding affinity to LC3A of all Ala-substituted mutants decreased
significantly. In particular, the mutations of Phe444 (M4) and
Ile447 (M7) to Ala reduced the binding affinity to 25% (Fig-
ure 6B). The control protein (GST-GS) did not bind to LC3A.
Next, we investigated which residues in LC3A are required for
Atg13 binding. In this experiment, we prepared six single muta-
tions of LC3A to probe the LIR binding (Figure 6C). The first was, 47–58, January 7, 2014 ª2014 Elsevier Ltd All rights reserved 51
Figure 4. Overall Structures of Uncomplexed Form and Atg13 LIR-
Fused LC3 Isoforms
Structures of uncomplexed form (A–C) and Atg13 LIR-fused LC3 isoforms
(D–F) are represented by ribbon diagrams and colored in green (LC3A), cyan
(LC3B), and orange (LC3C). LIR in symmetry-related molecules (magenta)
and its interaction residues are shown in stick representation. Oxygen, nitro-
gen, and sulfur atoms are shown in red, blue, and yellow, respectively. The
secondary structure was defined by the DSSP program (Kabsch and
Sander, 1983).
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Crystal Structure of Atg13 LIR/LC3 ComplexE19D to investigate the LC3B binding. LC3B has significantly
poorer binding to the Atg13 LIR compared with LC3A and
LC3C (LC3A, 18.3 ± 0.6 mM; LC3B, 52 ± 7 mM; LC3C, 13 ±
6 mM), and Glu19 is the only binding residue that is conserved
between LC3A and LC3C, but not LC3B (LC3A and LC3C, Glu;
LC3B, Asp). Therefore, we predicted that a mutation at this site
would have a significant effect on binding. The K49A and K49F
mutations were designed to mimic the open and closed surface
of LC3A, whereas the K51A, F52A, and L53A mutations were
designed to probe the bottom floor of the binding site (Figure 5).
LC3AE19D showed a slight increase in its binding ability to the
Atg13 LIR (112 ± 2%). Interestingly, K49A mutation resulted in
a marked increase 182 ± 2%, which presumably reflects the
‘‘always open’’ binding pocket formed by the methyl group of
K49A. On the other hand, K51A and L53A mutations demon-
strated reduced binding abilities (K51A, 29 ± 2%; L53A, 41 ±
1%, Figure 6D). Unfortunately, LC3AK49F and LC3AF52A aggre-
gated on the sensor chip, increasing the resonance signals not52 Structure 22, 47–58, January 7, 2014 ª2014 Elsevier Ltd All rightsonly in Atg13 LIR immobilized flow cells but also in reference
flow cells (data not shown), and the accurate binding abilities
could not be estimated. The dissociation constants of K49A
and K51A as the highest and the lowest binding ability mutants
are measured by an SPR biosensor (Figure S5). The KD values
for LC3AK49A and LC3AK51A to GST-Atg13411–447 were 6.6 ±
1.0 mM and 150 ± 2.6 mM, respectively. To verify the Atg13/
LC3 interaction in vivo, we performed pulldown assay using
HEK293 cells that expressed OSF-LC3A (WT, K49A, and
K51A) and Myc-tagged ULK1 complex (Myc-ULK1, Myc-
Atg101, Myc-FIP200, and Myc-Atg13) under nutrient-rich and
starvation conditions (Figure S6). K49A mutant showed higher
binding ability to the ULK1 complex than did WT; on the other
hand, K51A mutation was similar or slightly decreased the bind-
ing ability to the ULK1 complex.
Movement of Lys49 Is Conserved in Mammalian LC3
Homologs
To investigate whether the side-chain configuration of Lys49 is
conserved in LC3 homologs, we compared our LC3 structures
with the eight reported LC3 homologs (Figure 7). The PDB con-
tains four uncomplexed structures (ratLC3, 1UGM, Sugawara
et al., 2004; GABARAP, 1KJT, Bavro et al., 2002; GATE-16,
1EO6, Paz et al., 2000; and Atg8, 2KWC, Kumeta et al., 2010)
and four types of LIR-bound structures (LC3B/p62, 2ZJD,
Ichimura et al., 2008; and 2K6Q, Noda et al., 2008; GABARAP/
synthetic peptide, 3D32, Weiergra¨ber et al., 2008; GABARAPL-
1/NBR1, 2L8J, Rozenknop et al., 2011; and Atg8/Atg19, 2ZPN,
Noda et al., 2008).
In the uncomplexed structures, except for Atg8, a yeast LC3
homolog, the side-chain carbon atoms of the equivalent Lys49
are located within 4 A˚ from the aromatic portion of Phe or Tyr
at strand b2 (Lys49 and Phe52 in rat LC3 and Lys46 and Tyr49
in GATE-16, GABARAP, and Atg8 correspond to Lys49 and
Phe52 in human LC3A). Thus, it seems that the residues corre-
sponding to Lys49 of LC3A in the mammalian homologs cover
the hydrophobic surfaces by interacting with these aromatic res-
idues. In contrast, the side-chain of Lys46 in Atg8 faces away
from Tyr49 and does not cover the interaction surface.
In the complexed structure of LC3B/p62, Lys49 does not
interact with p62 LIR, although it undergoes a large structural
rearrangement. In the GABARAP/synthetic peptide structure,
the peptide forms an a-helix, instead of a parallel b sheet with
strand b2 of GABARAP like other complex structures, and
Lys46 moves only slightly upon peptide binding to break the
hydrophobic interaction with Tyr49. Lys46 in the GABARAPL-
1/NBR1 complex structure is oriented in the opposite direction
to NBR1 LIR. The uncomplexed structure of GABARAPL-1 has
not been reported; however, as mentioned above, the LIR inter-
action surface of GABARAP, which shares 87% identity with that
of GABARAPL-1, is covered with a side-chain of Lys46. Taken
together, these structural comparisons suggest that the move-
ment of Lys49 side-chain is conserved in the mammalian LC3
proteins.
Lys49ResiduePlays Important Roles in Autophagosome
Formation
To verify the importance of the interaction between Atg13 and
the LC3 proteins in autophagosome formation, we establishedreserved
Figure 5. Structural Comparison between the Uncomplexed and the Atg13 LIR Complexed Forms of LC3A
(A and B) LC3A and LC3A/Atg13436–447 are shown in ribbon and transparent surface representation. LIR and its interaction residues are shown in stick repre-
sentation. Carbon atoms of LIR, Lys49, and other residues are colored yellow, magenta, and green, respectively. Oxygen and nitrogen atoms are in red and blue,
respectively.
(C) Close-up view of Lys49 and Phe52. Carbon atoms of the uncomplexed form and Atg13 LIR complexed form of LC3A are colored in orange and cyan,
respectively.
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Crystal Structure of Atg13 LIR/LC3 Complexmouse embryonic fibroblast cells stably expressing GFP-tagged
LC3AWT, LC3AK49A, or LC3AK51A and tested for LC3A positive
puncta formation (Figures 8A and 8B). Western blotting showed
similar GFP-LC3A expression levels in each stable cell line (Fig-
ureS7). LC3AWT formedpuncta in the cellswith nutrient-rich con-
ditions (39 ± 12 dots/cell), and the number of puncta was signifi-
cantly increased under starvation conditions (134 ± 18 dots/cell).
The number of puncta further increased (188 ± 29 dots/cell) after
treatment with Baf A1, an inhibitor of lysosomal acidification.
Taken together, these data indicate that GFP-LC3AWT-positive
autophagosomes are under active autophagy flux.
Surprisingly, cell lines expressing GFP-tagged LC3AK49A and
LC3AK51A did not form any puncta in nutrient-rich conditions
(2 ± 1 dots/cell in K49A; 12 ± 7 dots/cell in K51A) and formedCtrl 
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Structure 22even fewer puncta in starvation conditions (88 ± 36 dots/cell in
K49A; 100 ± 15 dots/cell in K51A), despite the observation above
that LC3AK49A has significantly increased binding to the Atg13
LIR, whereas LC3AK51A has reduced the binding abilities
(Figure 6D). Moreover, LC3-positive puncta for LC3AK49A and
LC3AK51A were also fewer than those of LC3AWT in the presence
of Baf A1, indicating that autophagy flux was decreased. These
data also suggest that the reduced number of puncta formation
results from the defect in autophagosome formation, but not
enhancement of autophagosome degradation. Overall, these
data suggest that there is a specific range, at least from 10 mM
(LC3C) to 60 mM (LC3B), with respect to Atg13 LIR binding
affinity for LC3A. If either too high or too low, autophagosome
formation is decreased.(n = 3)
M5 M6 M7 
(n = 3)K51A L53A 
Figure 6. Mutational Analyses of the Inter-
actions between Atg13 and LC3
(A) Schematic representation of mutants for Ala
scanning.
(B and D) Relative binding abilities of point mutants
of Atg13 or LC3A compared with WT were
measured by an SPR biosensor and expressed in
percentages. Each value represents the mean ±
SD. The sensorgrams are shown in Figure S4.
(C) Ribbon diagram of the Atg13 LIR-fused LC3A
structure highlighting the substituted residues (red
stick representation) and the LIR (ribbon repre-
sentation and colored line).
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Figure 7. Structural Comparison of Lys49
Side-Chain Configuration among LC3 Fam-
ily Proteins
Corresponding residues to Lys49 and Phe52 of
LC3A in ratLC3 (PDB code 1UGM), GABARAP
(1JKT), GATE-16 (1EO6), and Atg8 (2KWC)
as uncomplexed form, and LC3B/p62 (2ZJD),
GABARAP/synthetic peptide (3D32), GABARAP-
L1/NBR1 (2L8J), and Atg8/Atg19 (2ZPN) as LIR-
bound form are shown in ribbon representation in
green, magenta, cyan, magenta, yellow, salmon,
orange, lime green, and slate, and the peptides
are colored marine blue, lime green, purple, and
yellow orange, respectively. Side-chain atoms are
colored red for oxygen and blue for nitrogen.
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Recently Alemu et al. (2012) reported that Atg8 family proteins
interact with ULK1/2, FIP200, and Atg13 and that this interac-
tion is mediated by a LIR motif, which together suggested
that Atg8 proteins play a role in scaffolding for the Atg1/ULK1
complex assembly. However, the molecular mechanism under-
pinning the interaction between the LIR and Atg8 family
proteins was unclear. In this study, we have determined the
crystal structures of the three LC3 isoforms in complex with
the Atg13 LIR to delineate the key interactions between the
two proteins, and we verified them by mutational analysis
and in vivo studies.
We have identified that the LC3 binding site of Atg13 spans
residues 441–447 (HDDFVMI) and provides the structural basis
for the binding. Although the LIR motif was originally defined as
xxxW/YxxL/I/V, it was recently reported that a Phe residue can
also be tolerated at the aromatic position (Satoo et al., 2009;
Kraft et al., 2012; Alemu et al., 2012). Our structural studies of
the LC3 isoforms demonstrate that the W-site is deep enough
to bury the bulky aromatic side-chains (Figure 5). A comparison
of the Atg13 LIR and p62 LIR in those complexed structures
shows that the LC3 residues that interact with the Atg13 aro-
matic residue (Atg13 LIR, Phe; p62 LIR, Trp) are located at
the bottom of the hydrophobic pocket (Table S1). According
to Alemu et al. (2012), Trp is the most abundant amino acid
at the aromatic position in the LIR motifs (Trp, 14; Phe, 8; Tyr,
4; in 26 LIR motifs), suggesting that Trp forms more stable
hydrophobic interactions with the W-site than Phe and Trp.
However the W-site is not formed without the LIR binding,
in contrast with the L-site, which is open even in the uncom-
plexed form. Our SPR biosensor analysis (Figure 6), along
with previous reports (Noda et al., 2008; Alemu et al., 2012),
demonstrates that mutation of the Leu/Ile/Val position signifi-
cantly reduces binding. Taken together, these suggest that
the L-site recognizes Leu/Ile/Val in the LIR first, and then a
structural rearrangement occurs to open the W-site. However,
binding to the L-site is not sufficient to stabilize the interaction
alone, given that mutation of the aromatic residue in the LIR
also significantly decreases the binding affinity of the Atg1354 Structure 22, 47–58, January 7, 2014 ª2014 Elsevier Ltd All rights reservedpeptide to LC3. Accordingly, the W-site
probably locks the interaction by burying
the bulky part of an aromatic residue.Our structural analysis demonstrates that Lys49 undergoes
a significant structural rearrangement upon the LIR binding
(Figure 5). In the uncomplexed structures, the side-chain of
Lys49 makes hydrophobic interactions with the aromatic ring
of Phe52, closing over the W-site and preventing binding. How-
ever, in our complexed structures, Val445 in the Atg13 LIR exists
on the surface of Phe52, and Lys49 rearranges its conformation
to interact with Val445, which is not observed in the complex
structure with p62 LIR. Moreover, our SPR biosensor experi-
ments demonstrate that the LC3AK49A mutant, which we pre-
dicted would be in an open conformation, increased the relative
binding ability to Atg13 LIR (Figure 6D). These data suggested
that the interaction between Lys49 and Val445 does not stabilize
this complex, but that the side-chain conformational change of
Lys49 is important for recognition of the LIR, probably to open
the surface covered by Lys49 and expose the W-site. The struc-
tural comparison revealed that this Lys49 side-chain movement
is conserved in GABARAPs as well as LC3s, but not in yeast
Atg8. Thus, it seems that this Lys49 gating mechanism may
play a role in the LIR recognition for the LC3 family proteins,
evolving after the last common ancestor.
Taken together, the LIR recognition mechanism of mammalian
LC3 family proteins is explained as shown in Figure 9.
(1) The side-chain of Lys49 restricts access of LIR motif to
the binding surface (Figure 9C, magenta),
(2) in response to the LIR motif approaching, the L-site is
changed slightly and accepts branched-chain amino
acids (Leu/Ile/Val; Figure 9B),
(3) the amino acid next to an aromatic residue in LIR dislo-
cates the side-chain of Lys49 from the binding surface
consisting of Phe52 (Figure 9C, green),
(4) the W-site then becomes available to accommodate the
aromatic residue of Atg13, and
(5) by flipping the side-chains of Ile23 and Leu53, an aro-
matic residue is locked (Figure 9D).
Thus, not only are the W- and L-sites required for binding, but
Lys49 is the key residue for LIR recognition, in particular control-
ling the LIR access to the interaction surface.
Figure 8. The Effect of LC3 Mutations on Autophagosome Forma-
tion and Autophagy Flux
(A) MEFs stably expressing the indicated constructs were cultured in nutrient-
rich medium (N) or EBSS (S) with or without bafilomycin A1 (Baf A1) for 1 hr.
Bars indicate 20 mm.
(B) The numbers of LC3 puncta in cells were counted in >30 cells. Each value
represents the mean ± SD. Statistical analysis was performed by Student’s
t test: *p < 0.05, **p < 0.01; ns, not significant.
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the effect of substituting LC3A Lys49 or Lys51 with Ala on auto-
phagosome formation using fluorescence microscopy. Because
the binding of LC3AK49A to the Atg13 LIR increased markedly as
compared with LC3AWT, we expected that this mutation would
increase the number of autophagosomes under starvation con-
ditions by enhancing the interaction with LIR. Surprisingly, how-
ever, both the K49A and K51A mutants showed a significant
decrease in autophagosome formation, especially under
nutrient-rich conditions, in which selective autophagy is predom-
inant over macroautophagy induced by stimulus. On the other
hand, under starvation conditions, where the Atg1/ULK1 com-
plex is activated by TORC1 and initiates macroautophagy, the
K49A mutation demonstrated a greater decrease in autophago-
some formation than did K51A mutation, with or without Baf A1.
Although this experiment cannot distinguish between specificStructure 22binding partners, it demonstrates the importance of the Lys49
side-chain configuration in vivo and suggests that only a specific
affinity between LC3 and its binding partners is required for re-
cruiting substrates to the isolation membrane and proper auto-
phagosome formation.
In conclusion, we proposed a LIR recognition mechanism for
the mammalian LC3 family proteins, whereby LIR binding is
regulated by Lys49 side-chain gating, and demonstrate that
specific binding affinities (the expected range is from 10 mM to
60 mM) by this mechanism are required for recruiting its binding
partners to autophagosome in both starvation-induced and
selective autophagy.
EXPERIMENTAL PROCEDURES
Expression Plasmids
For the mammalian expression vectors, ULK1 complex subunits (Atg101,
Atg13, ULK1, and FIP200), and LC3s, cDNA open reading frames (ORFs)
were subcloned into KpnI/XhoI sites of pCAG-OSF or pCAG-Myc vectors,
as described previously (Madaule et al., 1998; Bajorek et al., 2009). For yeast
two-hybrid vectors, cDNA ORFs were subcloned into EcoRI/BamHI sites
(Atg13, Atg101, LC3A, and LC3C) orNcoI/BamHI sites (GABARAP) of pGADT7
or pGBKT7. For retroviral expression vectors, LC3A cDNA ORFs were
subcloned into EcoRV sites of pMRX retroviral vector. For bacterial expression
vectors, Atg13 truncation mutants, LC3A2–121, LC3B2–119, and LC3C8–125 were
generated by PCR and inserted into pGEX-4T-1 (Atg13, BamHI/EcoRI site;
LC3A, EcoRI/SalI site; LC3C, BamHI/EcoRI site; GE Healthcare), pCold TF
(Atg13, BamHI/EcoRI site; Clontech), the BamHI/EcoRI site of pET30
(Invitrogen) deleted S-tag, and Enterokinase site (designated pET30DSE) by
QuickChange mutagenesis kit (Stratagene) using the oligonucleotide pair
50-CTGGTGCCACGCGGATCCGAATTCGAGCTC-30 and 50-GAGCTCGAATT
CGGATCCGCGTGGCACCAG-30. For construction of the GST-fused pep-
tide, the oligonucleotide pair (50-GATCCTGAGATATCGACTCGAGG-30 and
50-AATTCCTCGAGTCGATATCTCAG-30) was inserted into the BamHI/EcoRI
site of pGEX-4T-1, designated pGEX-4T_BS (BamHI-Stop). The chimera pro-
teins of Atg13 LIR-fused LC3 isoforms and GST-fused Atg13 LIR peptides
were constructed by inserting a pair of double-stranded oligonucleotides
into the BamHI sites of pET30DSE/LC3 isoforms and pGEX-4T_BS, respec-
tively. Point mutants of LC3A were generated using the QuickChange
mutagenesis kit.
Cell Cultures
HEK293T and mouse embryonic fibroblast (MEF) cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum. Stable transformants were selected in growth medium with 1 mg/ml
puromycin. For immunofluorescence experiments, MEF cells were seeded
onto coverslips and cotransfected at 50%–60% confluence.
Coprecipitation and Western Blotting Assays
HEK293T cells were seeded (3 3 106 cells/55 cm2 dish) and cotransfected
with each relevant expression plasmid (polyethylenimine 25,000 kDa; Poly-
sciences), as described (Durocher et al., 2002). Cells were harvested 48 hr
posttransfection by incubation in lysis buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl) supplemented with protease inhibitor cocktail (Sigma) and
1% Triton X-100. Lysates were clarified by centrifugation (18,000 3 g,
10 min, 4C) and incubated with Strep-Tactin Sepharose for 2 hr (IBA). The
resin was washed four times with wash buffer (20 mM Tris-HCl, pH 7.4,
150 mM NaCl) supplemented with 0.1% Triton X-100, and bound proteins
were detected by mass spectrometry or western blotting.
Yeast Two-Hybrid Binding Assays
Directed yeast two-hybrid assays were performed using the Matchmaker
GAL4 Yeast Two Hybrid 3 System (Clontech). Briefly, Saccharomyces
cerevisiaeAH-109was cotransformedwith pGADT7 or pGBKT7 cloning vector
(Clontech) containing the inserts of interest. The transformed yeast colonies
were grown for 3 days at 30C on yeast-extract-peptone-dextrose plates, 47–58, January 7, 2014 ª2014 Elsevier Ltd All rights reserved 55
Figure 9. The Binding between LC3 and LIR
Is Regulated by Structural Rearrangement
of Lys49 Side-Chain and Hydrophobic Inter-
action by Phe444 and Ile447
(A) Ribbon diagram of LC3A and LIR colored white
and yellow. Side chains of binding residues are
shown in stick representation.
(B–D) Close-up views of the critical binding sites.
The residues surrounding Phe444 (the W-site)
(D) and Ile447 (the L-site) (B) undergo subtle
structural rearrangement and form hydrophobic
interactions. In the uncomplexed structure (C), the
side-chain of Lys49 covers LIR interaction surface.
Upon binding of LIR to LC3, the side-chain of
Lys49 detached from Phe52 an open hydrophobic
surface consisting of Lys49 and Phe52. Green and
purple indicate the residues in the uncomplexed
and LIR-bound structures, respectively.
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Crystal Structure of Atg13 LIR/LC3 Complexwith minus Leu, minus Trp selection. From 10 to 100 colonies were pooled, re-
suspended in a liquid culture of Sabourand dextrose broth (minus Leu, minus
Trp), selected on Sabourand dextrose broth (minus Leu,minus Trp, minus Ade,
minus His) plates, and allowed to grow for 3 days.
Purification of Recombinant Proteins and GST Pulldown Assay
All proteins were expressed in E. coli BL21(DE3) cells at 25C by 0.3 mM iso-
propyl b-D-1-thiogalactopyranoside induction for 16 hr. Cells were harvested
and lysed in PBS (Wako) or Tris-buffered saline (20 mM Tris-HCl, pH 9.0,
100 mM NaCl) including 1% Triton X-100 and immobilized onto GS4B (GE
Healthcare) or Ni-NTA (Invitrogen), respectively. Immobilized proteins were
cleavedwith thrombin (GE Healthcare) at 22Cor 4C for 16 hr. Eluted proteins
were further purified by gel filtration (Superdex 200 10/300GL; GEHealthcare).
For GST pulldown assays, GST-fused LC3s and Atg13 deletion mutants were
attached to GS4B and incubated with purified proteins for 1 hr at 4C. After
washing three times with PBS, the bound proteins were analyzed by SDS-
PAGE followed by CBB staining.
Crystallization
Initial crystallization screening was performed using kits from Hampton Re-
search (Crystal ScreenandCrystalScreen2,PEG/IonScreen1and2,MembFac
and Index), from Emerald BioStructures (Wizard I and II, Cryo I and II), and from
Molecular Dimensions (Stura Footprint Screens) by sitting-drop vapor diffusion
method at 4C and/or 20C using an automatic crystallization robot sys-
tem (Hiraki et al., 2006). The crystals of LC3A2–121, LC3C8–125, Atg13436–447-
LC3A2–121, Atg13436–447-LC3B2–119, and Atg13436–447-LC3C8–125 were obtained
using PEG/Ion Screen 2 condition No. 4 (0.2 M sodium malonate, pH 5.0, 20%
[w/v] PEG3350) at 20C, PEG/Ion Screen condition No. 48 (0.2 M di-ammonium
hydrogen citrate, pH5.1, 20% [w/v] PEG3350) at 4C,MembFac conditionNo. 1
(0.1 M sodium acetate trihydrate, pH 4.6, 0.1 M sodium chloride, 12% [v/v]
2-methyl-2,4-pentanediol) at 4C, Index condition No. 94 (0.2 M sodium citrate
tribasic dihydrate, 20% [w/v] PEG3350) at 20C, and Crystal Screen condition
No. 37 (0.1 M sodium acetate trihydrate, pH 4.6, 8% [w/v] PEG4000) at 4C,
respectively. For crystallization of LC3C8–125 and Atg13436–447-LC3B2–119, crys-
tallization conditions were optimized manually by the hanging-drop vapor
diffusion method. Finally, LC3C8–125 proteins were crystallized using 0.5 M56 Structure 22, 47–58, January 7, 2014 ª2014 Elsevier Ltd All rights reserveddi-ammonium hydrogen citrate, pH 5.0, and
10% (w/v) PEG3350 at 4C, and Atg13436–447-
LC3B2–119 proteins were crystallized using 0.1 M
sodium citrate tribasic dihydrate and 10% (w/v)
PEG3350 at 4C.
Data Collection, Structure Determination,
Refinement, and Analyses
Diffraction data were collected at beamline
BL-5A and BL-17A at Photon Factory. Thecrystals were mounted in nylon fiber loops and flash cooled in a nitrogen-
gas stream. The diffraction data were indexed and integrated with
Mosflm (Leslie and Powell, 2007) or XDS (Kabsch, 2010) and scaled
with Scala (Collaborative Computational Project, Number 4, 1994). All
crystal structures were solved by the molecular replacement method
with the program MOLREP (Vagin and Teplyakov, 1997), using the
structure of LC3B2–119 as a search model (PDB code 3VTU). All models
were refined with the programs CNS (Bru¨nger et al., 1998) and REFMAC5
(Murshudov et al., 1997). Manual adjustments of the structure were per-
formed with COOT (Emsley and Cowtan, 2004). All of the structural figures
were generated with PyMOL (DeLano Scientific), and secondary structures
were defined and assigned by the DSSP program (Kabsch and Sander,
1983).
SPR Measurement
Real-time binding analyses were performed using an SPR biosensor
(Biacore 2000; GE Healthcare) at 25C. Anti-GST antibodies were cova-
lently coupled to a CM5 sensor chip (GE Healthcare) using a GST
Capture Kit (GE Healthcare). For kinetic and interaction analyses, HBS-P
(10 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 0.005% surfactant P20)
was used as running buffer at a flow rate of 20 ml/min. GST and GST-
Atg13 mutant proteins were diluted to 20 mg/ml in HBS-P and immobilized
on a sensor chip for 180 s via anti-GST antibodies (flow cell 1 was immobi-
lized with GST as a reference cell). LC3 proteins were injected using the
Kinject program for 180 s. The sensor surface was regenerated by injecting
60 ml of 10 mM glysine-HCl, pH 2.1. The triplicate data were analyzed by
the Scatchard plot (RU versus RU/concentration plot) and the KD were
calculated.
Autophagosome Formation Assay
MEFs were cultured in growth medium or Earle’s balanced salt solution (Invi-
trogen) for 1 hr in the presence or absence of 100 nMBaf A1. MEFs expressing
protein-fusedGFPwere directly observedwith a confocal fluorescencemicro-
scope (FV1000; Olympus). The number of GFP-LC3A dots was determined
by G-count (G-Angstrom). GFP-LC3A expression levels were checked by
western blotting (Figure S7).
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